Thermoelectric generators, which directly convert heat into electricity, have long been relegated to use in space-based or other niche applications, but are now being actively considered for a variety of practical waste heat recovery systems-such as the conversion of car exhaust heat into electricity. Although these devices can be very reliable and compact, the thermoelectric materials themselves are relatively inefficient: to facilitate widespread application, it will be desirable to identify or develop materials that have an intensive thermoelectric materials figure of merit, zT, above 1.5 (ref. 1). Many different concepts have been used in the search for new materials with high thermoelectric efficiency, such as the use of nanostructuring to reduce phonon thermal conductivity [2] [3] [4] , which has led to the investigation of a variety of complex material systems 5 . In this vein, it is well known 6,7 that a high valley degeneracy (typically #6 for known thermoelectrics) in the electronic bands is conducive to high zT, and this in turn has stimulated attempts to engineer such degeneracy by adopting low-dimensional nanostructures [8] [9] [10] . Here we demonstrate that it is possible to direct the convergence of many valleys in a bulk material by tuning the doping and composition. By this route, we achieve a convergence of at least 12 valleys in doped PbTe 1 2 x Se x alloys, leading to an extraordinary zT value of 1.8 at about 850 kelvin. Band engineering to converge the valence (or conduction) bands to achieve high valley degeneracy should be a general strategy in the search for and improvement of bulk thermoelectric materials, because it simultaneously leads to a high Seebeck coefficient and high electrical conductivity.
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A high thermoelectric figure of merit, ZT, for a high-efficiency thermoelectric generator requires the constituent n-type and p-type materials each to have a high average thermoelectric materials figure of merit, zT 5 S 2 sT/(k E 1k L ), where T, S, s, k E and k L are the temperature, Seebeck coefficient, electrical conductivity, and the electronic and lattice components of the thermal conductivity, respectively. To date, commercial products for thermoelectric power generation utilize only PbTe-or Bi 2 Te 3 -based materials with peak zT of less than unity 5 . Recent efforts to raise the zT value of PbTe have focused on nanostructured composites, such as Na 12x Pb m Sb y Te m12 (ref. 3) , where the aim is to reduce k L and thus to enhance zT; indeed zT . 1 has been obtained in many instances 2 . Such materials have k L close to the amorphous limit 2, 4 , lending greater potential to the increasing of zT by the enhancement of the electronic component (S 2 s). Seebeck coefficient enhancement through density of states modification 8, 11 is a promising route, but this approach risks the reduction of carrier mobility.
The optimal electronic performance of a thermoelectric semiconductor depends primarily on the weighted mobility 6, 7, 12 , m(m*/ m e ) 3/2 ; here m* is the density-of-states effective mass, m is the mobility of carriers, and m e is the electron mass. However, m is low for bands with heavy mass m b * (the band-mass of a single valley, or mass of a single pocket of Fermi surface related to 1/(d 2 E/dk 2 ) of the pocket). In fact, for charge carriers predominantly scattered by acoustic phonons (as has been found to occur in most good thermoelectric materials), it is expected that m / 1/m b * 5/2 (ref. 7) . Therefore, increasing the band-mass should be detrimental to the thermoelectric performance . Specifically, the density-of-states effective mass used to analyse most thermoelectric data is given by m* 5 N v 2/3 m b * (refs 6, 7, 12, 13) , where N v includes orbital degeneracy, and m b * is, more specifically, the average (single valley) density-of-states effective mass of the degenerate valleys (including the effect of spin degeneracy but not orbital degeneracy or degeneracy imposed by the symmetry of the Brillouin zone) 6 . The mobility is nominally unaffected by N v , but there may be some reduction due to intervalley scattering.
It is thus clear that a large valley degeneracy is good for thermoelectric materials 6, 7, 12, 13 . More generally, bands may be regarded as effectively converged when their energy separation is small (compared with k B T, where k B is the Boltzmann constant); this leads to an effective increase in N v , even when the bands are not exactly degenerate. The concept of carrier pocket engineering to produce convergence (high N v ) of symmetrically inequivalent bands has been suggested in the context of manipulating low-dimensional thermoelectric nanostructures [8] [9] [10] . Extending this concept to bulk materials would be most useful for rapid integration into commercial devices.
Convergence of many valleys can occur in high symmetry crystal structures (such as PbTe and (Bi, Sb) 2 Fig. 1a) 14, 15 . By producing the convergence of many valleys at the desired temperatures, thermoelectric performance can be greatly enhanced if properly doped. We demonstrate this effect in PbTe 1 2 x Se x , where the L and S valence bands (Fig. 1b) can be converged, giving an increased valley degeneracy of 16. This exceptionally high degeneracy persists to high temperature, at which the effective degeneracy is at least 12 from the S band alone. Combining this effect with the low lattice thermal conductivity of PbTe 1 2 x Se x alloys, we observe a zT value of ,1.8 at temperatures above ,800 K (Fig. 2) .
In a system that contains two valence (or conduction) bands, the total electrical conductivity (s total ) and Seebeck coefficient (S total ) can be expressed as:
Here, subscripts 1 and 2 refer to the transport properties of carriers in the individual band. If two bands are present, then the total Seebeck coefficient is a weighted average of the Seebeck coefficients of the individual band; the band with the higher conductivity is more strongly weighted. Because S usually decreases with the number of carriers n, whereas conductivity increases with n (s 5 nem), the total Seebeck coefficient will generally be closer to the smaller S of the two bands. Only when the two band energies are aligned (degenerate), such that the two bands have the same Seebeck coefficient, will S total be maintained while the total conductivity is substantially higher than that of either band alone. In general, this effect will improve thermoelectric performance when the bands are within ,2k B T of each other, owing to the broadening of the Fermi distribution, making band convergence easier to achieve at higher temperatures. Additionally, higher doping concentrations place the Fermi level deeper within the first band, helping to position the Fermi level within 62k B T of both bands. The existence of the secondary (S) valence band slightly below the principal (L) valence band in PbTe has been confirmed by recent density functional theory calculations 18 . A schematic band structure 15 of PbTe is depicted in Fig. 1b . With this two valence band model, the electrical transport, optical spectroscopy and other properties of p-PbTe can be well understood. Most importantly, the L band moves below the S band at T > 450 K. Temperature (T, in K)-dependent energy offsets (in eV) of the L and S bands from the conduction (C) band are given by [14] [15] [16] 19 : . Therefore, alloying with Se will increase the convergence temperature (T cvg ) of the L and S bands. Na is an effective p-type dopant in PbTe, and can be used to obtain a hole density above 10 20 cm 23 by replacing nominally divalent Pb with monovalent Na (ref. 21 ). The valence band at the L point with N v 5 4 has sufficient mobility to enable a good zT of about 0.8 (curve 'L' in Fig. 2 is the contribution from the low degeneracy L band, calculated using the model described in Supplementary Information). The second valence band along the S line with a higher N v 5 12 has even higher performance (curve 'S' in Fig. 2 ) at such doping levels.
When both the L and S bands are aligned the carriers are redistributed, populating the highly degenerate S valleys, which creates a Seebeck coefficient that increases faster than the typical linear temperature dependence (Fig. 3a) . With the combined 16 hole pockets 
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contributing, a high zT of ,1.3 at ,700 K (for example, curve 'S 1 L' in Fig. 2 ) can be obtained, similar to that seen in PbTe heavily doped with alkali metals (Na or K) 22, 23 . As mentioned above, alloying with Se increases T cvg , further tuning the thermoelectric properties so as to increase the zT in the temperature range for waste heat recovery (400-900 K). The energy difference between the L and S bands, DE L2S , of the (PbTe 1 2 x Se x ) alloy is reduced to ,,2k B T even at high temperatures, making the two bands effectively converged. Alloying with Se has the extra benefit of increasing the bandgap (helpful for higher temperature operation) and also provides lower lattice thermal conductivity due to point defect scattering of phonons. Further increasing the Se content may improve the peak zT but additional Se leads to lower mobility from impurity scattering of electrons, and therefore no significant benefit in average zT is realized, similar to that found in under-doped alloys 24 To confirm that the multi-band effects are indeed responsible for the extraordinary thermoelectric properties, we have developed a detailed three-band model (C1L1S). It is important to include the temperature dependence of the bandgap, band offsets and effective masses to fit the data accurately. These parameters have been determined by optical absorption spectroscopy and other temperature dependent transport properties for a wide range of carrier densities [14] [15] [16] 19, 25, 26 . Bands L and C have been found to be non-parabolic and have been described by the Kane model 14, 27 , whereas the high degeneracy hole band S has been described as parabolic 14, 28 . It is also assumed that acoustic phonons dominate the electron scattering 14, 27 . This model also gives the Lorenz factor ( Supplementary Fig. 3 ) needed to calculate the electronic contribution to the thermal conductivity. The details of this model are given in Supplementary Information.
The X-ray lattice parameter (Fig. 4a, Supplementary Fig. 1 ) of our annealed samples follows the simple form of Vegard's law, which predicts a linear change from 6.46 Å for PbTe (ref. 14) to 6.12 Å for PbSe (ref. 14) , suggesting the formation of a simple alloy consistent with previous studies 14, 29 . Na is also expected to be homogeneously distributed because of the high dopant effectiveness of monovalent (Na 1 ) on the Pb site (Hall effect data are given in Supplementary Fig.  3 ), and because there are no trivalent species present to induce clustering as found in some other similar systems 2, 3 , such as Na 12x Pb m Sb y Te m12 . Nevertheless, we cannot entirely rule out the possibility of some segregation to native defects, nanometre-scale particles, voids or other interfaces that have been proposed to affect thermoelectric properties, including electronic effects such as electron filtering 8 . However, the success of our model in predicting transport properties using only bulk properties (electronic structure, and electron and phonon scattering) shows that nanoscale effects are not necessary to achieve exceptionally high zT in PbTe alloys (Fig. 2, Supplementary Information) . Combining this exceptional bulk performance with independent nanoscale effects, such as the scattering of long mean free path phonons by nanostructural interfaces [2] [3] [4] , would lead to further enhancements of zT, probably giving values above 2, and also improve the average ZT for use in efficient waste heat recovery.
The observed reduction in k L as Se content increases (Fig. 4b) is expected from alloys, as phonons are scattered due to the mass difference and local strain caused by the impurity atoms, and can be well characterized by the Debye-Callaway model 4, 29 (see Supplementary Information for details). Using the electronic model and the lattice thermal conductivity (k L ), zT can be calculated at any doping level, alloy composition and temperature.
The temperature dependence of the Seebeck coefficient, the resistivity (r 5 1/s) and the thermal conductivity are shown in Fig. 3 . The measured temperature dependent transport properties agree very well with the electronic model, confirming that the exceptional thermoelectric properties arise when the valley degeneracy is large, particularly when the L and S bands converge (within ,2k B T). Because of the high density-of-states mass (m*) resulting from the convergence of many (at least 12) valleys, heavy doping is required to realize the full potential of high degeneracy to produce high zT. The zT measured on 2% Na-doped PbTe 0.85 Se 0.15 (1.8 6 0.1 at 850 K, determined on multiple samples on multiple instruments, Supplementary Fig. 2 ) shows good agreement with the calculated zT, as seen in Fig. 2 .
In summary, high valley degeneracy produced by carrier pocket engineering in a bulk material is an effective strategy to enhance thermoelectric performance through the convergence of conducting electronic bands, provided that the doping is properly tuned. Heavily doped p-PbTe 1 2 x Se x demonstrates how high valley degeneracy enables high zT, especially when combined with other mechanisms (such as alloy scattering) that reduce k L . A high zT value of ,1.8 at high temperatures make these simple and stable materials superior to those currently in use for thermoelectric energy generation applications.
METHODS SUMMARY
Polycrystalline Pb 0.98 Na 0.02 Te 12x Se x samples were prepared by melting the mixture of pure elements at 1,273 K, quenching, annealing at ,900 K for 3 days, grinding and hot-pressing (98% or higher relative density). X-ray diffraction and scanning electron microscope analyses confirm that the materials for this study were single phase solid solutions. The Seebeck coefficient was obtained from the slope of the thermovoltage versus temperature gradient, confirmed on four different high temperature systems. Scanning Seebeck coefficient measurements (at 300 K) on a sample with a zT of ,1.8 at 800 K showed a Seebeck coefficient variation of only 5 mV K 21 (full width for 90% of the data taken in an area of 6.5 3 7 mm 2 ). Four-probe resistivity was measured using the Van der Pauw technique on disks, and using the linear method on bar shaped samples. Thermal diffusivity was measured using the laser flash method. Heat capacity (C p ) is estimated from the relation C p /k B per atom 5 3.07 1 (4.7 3 10 24 3 (T 2 300)), where T is in K, based on experimental b, Lattice thermal conductivity can be well described by an alloy scattering model. Multiple data points in b are for different samples with the same Se content but with Na doping varying in the range 1-2 atom %.
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literature values 30 . The combined uncertainty for the experimental determination of zT is ,20%; the standard deviation of the measured zT at T 5 800 6 50 K is 4% for four different techniques and 3% for four different samples, all of the same x 5 0.15 composition. The Hall coefficient at room temperature and higher was measured using the Van der Pauw technique under a reversible magnetic field of ,2 T. The low temperature (2.5-300 K) Hall coefficient was measured using a Quantum Design PPMS.
